SUMMARY Left ventricular volumes and ejection fraction were calculated from the M-mode and twodimensional echocardiograms and cineangiograms in 20 children, ages 2 months to 18 years. The cube and corrected cube methods were used to calculate volumes from the M-mode recordings. Ventricular volumes were measured from two-dimensional echocardiograms using the apical long-axis and apical four-chamber views. Endocardial outlines were traced from the televised images with a light pen and analyzed by a microcomputer. With a single-plane area-length method, the end-diastolic volume, end-systolic volume, stroke volume and ejection fraction were calculated for each left ventricular view. The ventricular volumes and ejection fraction were computed by biplane area-length and Simpson's rule methods from the combined recorded outlines of the two left ventricular views. The volumes and ejection fraction determined by echocardiography were compared with those determined from biplane cineangiograms recorded 24 hours after the echocardiographic studies. In general, the correlation coefficients were better for the two-dimensional than the M-mode technique. Twodimensional echocardiography was a good predictor of the angiographic end-diastolic volume but overestimated slightly the angiographic end-systolic volume. For ejection fraction, the best correlation with angiography was achieved by the two-dimensional echocardiographic techniques, especially the biplane area-length method (r = 0.82) and the apical, long-axis, single-plane area-length method (r = 0.77). Two-dimensional echocardiography is more accurate than M-mode echocardiography for predicting angiographic left ventricular volume and function in pediatric patients.)
LEFT VENTRICULAR volume determination is useful in children with congenital heart disease for evaluating left ventricular function, intracardiac and extracardiac shunts,'-7 and pulmonary blood flow in patients with aortopulmonary transposition.8 The standard method for evaluating left ventricular volume is an invasive technique that uses ventricular outlines traced from cineangiograms.' An accurate, noninvasive technique for determining left ventricular volume and ejection fraction in children has not been established.10 Measurements of ventricular volume and ejection fraction by M-mode echocardiography may be compromised by segmental dysfunction or paradoxical septal motion. In studies in adults," 16 two-dimensional echocardiography is more accurate than M-mode echocardiography for estimating ven-tricular volume and ejection fraction. We compared ventricular volumes and ejection fraction derived from several M-mode and two-dimensional echocardiographic methods to those derived from cineangiography to determine the most accurate noninvasive technique for predicting these variables in children.
Methods
We calculated the end-systolic volume, enddiastolic volume, stroke volume and ejection fraction from the M-mode and two-dimensional echocardiograms obtained from 20 consecutive patients who had left ventricular angiograms suitable for analysis. Their ages ranged from 2 months to 18 years, body surface area ranged from 0.24-1.86 m2 and weight ranged from 3.54-70 kg (table 1) . The echocardiograms were recorded in the 24 hours before cardiac catheterization and were evaluated before calculating left ventricular volumes from the angiograms.
The ventricular angiograms were considered satisfactory for biplane volume analysis only if there were three consecutive, opacified sinus beats. The third beat was used for volume analysis. Three investigators manually traced the left ventricle from posteroanterior and lateral angiograms and averaged End-systole and end-diastole were defined by advancing the videotape frame by frame to obtain maximum and minimum ventricular sizes, as for angiography. The operator could then retrieve each frame for analysis by reference to the frame counter and clock displayed on the recorded image.
In the apical four-chamber view we traced the area of the left ventricle from the endocardial echo of the apex, through the ventricular septum and through the plane of the apposed mitral valve leaflets ( fig. 1 ). The papillary muscles were excluded from the ventricular volume by drawing the outline through their bases. The major-axis length was taken from the apex to the center of the mitral valve leaflets. For the apical longaxis projection, we traced the area of the left ventricle from the endocardial surfaces of the left ventricular apex and posterior wall, through the plane of the mitral valve, and around the left ventricular outflow tract ( fig. 2 ). The major-axis length was taken from the cardiac apex to the mitral valve leaflets.
When small defects in endocardial echoes were present, the area outline was completed by a straight line between the adjacent clear endocardial echoes and by reference to the pattern of contraction of the preceding and succeeding beats. Volumes at enddiastole and end-systole were calculated by a singleplane and a biplane area-length method and by Simpson's rule method. Stroke volume and ejection fraction were calculated automatically by the computer ( fig. 3 ). Each set of echocardiographic measurements (enddiastolic and end-systolic volumes, stroke volume and ejection fraction) were compared to those derived from angiography. Linear regression analysis was performed with an IBM 370 computer with a standard statistical analysis system for general linear models. The 95% confidence limits for the regression line were also obtained. For volume determinations, these analyses were statistically weighted by the reciprocals of the squared angiographic values.
Results Table 1 is a list of clinical data for the 20 patients. The end-systolic and end-diastolic volumes derived from the angiographic and M-mode and twodimensional echocardiographic techniques are listed in table 2. End-systolic and end-diastolic volumes measured by the three observers from the twodimensional echocardiograms varied by a maximum of 10% between the observers. When retraced by one observer, the two-dimensional volume determinations varied by a maximum of 7%. Maximum intraobserver and interobserver errors for angiographic estimates of ventricular volume were 5% and 7%, respectively. For M-mode techniques, the maximum intraobserver and interobserver errors for the measurement of left ventricular dimensions were less than 5%.
The end-diastolic volumes calculated by the various echocardiographic techniques correlated closely with the angiographic end-diastolic volumes ( fig. 4, table  3 ). For all of the echocardiographic methods, the slope of the regression line was close to unity and the intercept was near zero. However, correlation coefficients between two-dimensional and angiographic end-diastolic volumes were somewhat higher than correlation coefficients between M-mode and angiographic end-diastolic volumes. Statistical analysis indicated that the single-plane area-length method using the apical four-chamber view, the biplane area-length method, and Simpson's rule method yielded the best prediction of the values derived by the angiographic methods. The end-systolic volumes calculated by the echocardiographic techniques also correlated closely with angiographic end-systolic volumes, but not as well as the correlation for end-diastolic measurements ( fig. 5,  table 3 ). Compared with angiography, the slopes of the regression lines were greater than 1 for all echocardiographic methods with the exception of the M-mode cube method. The slope of the regression line was significantly different from I with the biplane arealength method (p < 0.05). The single-plane arealength method using the apical four-chamber view and biplane area-length methods were slightly better than the other two-dimensional techniques, and all twodimensional correlations with angiography were better than those obtained by M-mode echocardiography.
The stroke volume calculated by the twodimensional techniques correlated more closely with the angiographic stroke volume than did the stroke volume calculated by M-mode echocardiography ( fig.  6, table 3 ). The two-dimensional echocardiographic techniques that most closely predicted the angiographic stroke volume were the biplane area-length method, the single-plane area-length method using the apical four-chamber view, the single-plane area-length method using the apical long-axis view, and Simpson's rule method, in that order. The slope of the regression line was significantly different from 1 by the Simpson's rule method (p < 0.01). In general, the stroke volume was underestimated by the echocardiographic techniques.
The ejection fraction data are displayed in figure 7 and table 3. The comparisons between angiography and echocardiography for ejection fraction data yielded lower correlation coefficients than did the comparisons for end-diastolic, end-systolic, or stroke volumes. The echocardiographic techniques, in general, slightly underestimated the angiographically derived ejection fraction. The closest estimate of the angiographic ejection fraction was achieved with the biplane area-length method and the single plane arealength method using the apical long-axis view. Indeed, the scatter of the M-mode data is so wide that it was not adequate to calculate the left ventricular volume or function in our group of patients.
For volume determination from the two-dimensional echocardiogram, we chose the apical fourchamber and apical long-axis views because they are orthogonal views around the left ventricular long axis.
As such, these views provide the closest approximation of the two orthogonal long-axis planes of an ellipse, and therefore, best satisfy the requirements for volume analysis of an ellipse. The apical long-axis view is different from the apical two-chamber view that has been used in volume analysis in adult patients.25 ' 26 We believe that reproducibility is improved by using the apical long-axis view, which includes the aortic root as an additional internal reference point. With the two-dimensional echocardiographic technique for volume analysis, there are several sources of error that can be minimized. Studies on the estimation of mitral valve area have shown that area tracings are dependent on gain settings.27 This problem was avoided by adjusting the controls so as to image the endocardium at the lowest possible gain settings. The use of the light-pen microprocessor system avoided the parallax distortion that occurs when the ventricles are outlined with an overlay of clear plastic. Also, the best lateral resolution of the twodimensional system is close to the center of the ul- trasonic beam, so we recorded images as close to the center of the field of view as possible.
All of the two-dimensional methods correlated closely with angiography in predicting the enddiastolic volumes. The slopes of the regression lines and the correlation coefficients we're close to unity; therefore, no single two-dimensional method stood out as a superior technique for calculating enddiastolic volume.
In the prediction of end-systolic volume, twodimensional echocardiography showed a poorer correlation with angiography than in the prediction of end-diastolic volume. Generally, the slopes of the regression lines were greater than 1, indicating that the two-dimensional echocardiographic techniques overestimated angiographic end-systolic volumes. The overestimation of the left ventricular end-systolic volume by two-dimensional echocardiography cannot be explained on the basis of inaccurate tracings of the endocardial echo because the endocardial echo was often more easily defined at end-systole than at enddiastole. One source of error in the two-dimensional methods may be the selection of the frame used to measure the end-systolic volume. At rapid heart rates, a recording rate of 32 frames/sec may be insufficient. The end-systolic volume is a smaller absolute value than the end-diastolic volume, so an error in the measurement of the end-systolic volume caused by related closely with angiography in the estimation of stroke volume. Because the end-systolic volume is a smaller value, errors in its measurement have less effect on calculating stroke volume than do errors in the end-diastolic volume. In predicting ejection fraction, two-dimensional echocardiography had a poorer correlation with angiography than in predicting ventricular volumes. The correlation coefficient of 0.82 for ejection fraction in these children is comparable with the best results of similar studies in adults.'4 16 The application of a correction factor for the endsystolic volume derived from regression equations established in this study may improve the accuracy of the two-dimensional method for predicting ejection fraction and stroke volume in future studies.
The variability between the two-dimensional echocardiographic and angiographic ejection fraction Associates) program used to estimate left ventricular volume by echocardiography. Twelve left ventricular casts, 13-161 ml, were placed in the projections that most closely simulated the apical four-chamber and long-axis echocardiographic views (fig. Al). The volumes derived from each projection were calculated using a single-plane area-length method. Biplane volume estimations were made from the area outlines of both projections using a biplane area-length method and a modification of the Simpson's rule using the radii and heights derived from 20 equal slices. The results of the comparison between cast volume by water displacement and that derived from microprocessor analysis of the televised cast images, as well as the regression equations and correlation CAST VOLUME (ml) coefficients for the comparison, are shown in figure   A2 . These data demonstrate that the volume program is an accurate technique for calculating volumes of a video image such as a two dimensional echocardiogram. The slight overestimation of the calculated cast volume is related to inability to perceive the peaks of the trabeculations and papillary muscles in opaque casts. 
